Mitochondria are large-scale regulators of cytosolic calcium (Ca 2+ ) under normal cellular conditions. In this paper we model the complex behavior of mitochondrial calcium during the stimulation of a single cell by increase of agonist generated inositol 1,4,5-trisphosphate (IP3) concentration and find results that are in good agreement with recent experimental studies. We also study the influence of the cellular network connectivity on intercellular calcium signaling via gap junction diffusion of second messengers. We include in our model the dependence of the junctional conductivity on the cytosolic calcium concentrations in adjacent cells. We consider three different mechanisms of calcium wave propagation through gap junctions: via Ca 2+ diffusion, IP3 diffusion, and both Ca 2+ and IP3 diffusion. Our results suggest that IP3 diffusion is the mechanism of Ca 2+ wave propagation and that Ca 2+ diffusion is the mechanism of synchronization of cytosolic Ca 2+ oscillations in adjacent cells. We also study the role of different topological configurations of cellular connectivity on these phenomena. We argue that the most important issue in modelling the intercellular calcium signaling is to account for the cellular topology of the tissue. Our results suggest that the dynamics of the tissue is defined by the topology of the connection graph of cells with each other.
Introduction
The capacity of mitochondria for accumulating cytosolic calcium (Ca 2+ ) down the electrical gradient generated by the respiratory chain has been known for several decades. However, the physiological significance of this phenomenon has been a subject of debate during much of the ensuing period. For a long time it was believed that the low affinity of the mitochondrial Ca 2+ transporters, such as electrogenic uniporters and electroneutral antiporters, would allow a significant uptake only under conditions of dangerously high, cellular Ca 2+ overload (for a review see Pozzan et al. (1994) , Carafoli (2003) ). In this case, there is a rapid mitochondrial accumulation of calcium, driven by the mitochondrial membrane potential and the fact that calcium possesses a very active electrogenic transport system. However, in recent years it has been shown that in some cells mitochondria do take up calcium ions at apparently physiological levels of calcium in the cytosol, thus establishing mitochondria as large-scale regulators of cytosolic Ca 2+ under normal cellular conditions (Rizzuto et al., 1998) , (Hajnoczky et al., 1995) , (Thayer and Miller, 1990) . Arnaudeau et al. (2001) showed that during stimulation with inositol 1,4,5-trisphosphate-generating agonists, HeLa cells maintain Ca 2+ concentrations in the endoplasmic reticulum (ER) well above depleted levels, in phase with elevations of mitochondria and cytosolic Ca 2+ concentration. The increase of the cytosolic Ca 2+ concentration displayed an oscillatory behavior. A similar decrease of the ER Ca 2+ concentration level during incubation with inositol 1,4,5-trisphosphate (IP 3 ) was observed in hepatocytes (Hajnoczky and Thomas, 1997) , (Hajnoczky et al., 1999) .
More complex results were obtained in other experiments. Kaftan et al. (2000) showed that mitochondria sequestered Ca 2+ ions and tuned the frequency of oscillations of the cytosolic Ca 2+ concentration in rat gonadotropes. Mitochondria accumulated Ca 2+ rapidly and in phase with elevations of cytosolic Ca 2+ concentration after gonadotropin-releasing hormone (GnRH) stimulation (binding of GnRH to its cell surface receptors) induced oscillations of cytosolic Ca 2+ concentration. These oscillations are driven primarily by the release and re-uptake of Ca 2+ from IP 3 -sensitive Ca 2+ stores (Stojilkovic et al., 1994) , (Hille et al., 1995) . The mitochondrial Ca 2+ concentration continued to increase over the course of several oscillations and remained elevated for many minutes, even after the oscillations ceased and the cytosolic Ca 2+ concentration returned to near basal levels. Furthermore, it was found that inhibiting the mitochondrial Ca 2+ uptake by the protonophore carbonyl cyanide mchlorophenylhydrazone (CCCP), which should collapse the mitochondrial membrane potential and eliminate the electrical driving force for mitochondrial Ca 2+ uptake, reduced the frequency and increased the amplitude and spike width of GnRH-induced oscillations of cytosolic Ca 2+ concentration. A few theoretical studies exist whose goal is to understand better the contribution of the mitochondrion to intracellular calcium signaling and the effect of this signaling on mitochondrial function. Meyer and Stryer (1988) were the first to include mitochondria in a model of intracellular calcium signaling. Subsequently Marhl et al. (1998) showed that mitochondria played a role in the regulation of the amplitude during Ca 2+ oscillations. In this study we expand the model of intracellular Ca 2+ oscillations proposed by Marhl et al. (2000) to better understand the physiological role of mitochondrial and cytosolic proteins. We believe it is important to take into account the cell transmembrane Ca 2+ fluxes to understand the experiments by (Kaftan et al., 2000) . In other words, our model is an "open-cell model". It is important to note that the importance of such fluxes on the intracellular calcium dynamics depends on the particular type of biological cell involved. For example, it has been shown experimentally that such fluxes do not play a significant role in the intracellular dynamics in airway smooth muscle cells (Roux and Marhl, 2000) . In addition, the closed-cell model proposed by Marhl et al. (2000) successfully describes the intracellular dynamics of calcium upon stimulation of the cell by caffeine. A general discussion of the possible importance of transmembrane calcium fluxes is given in (Dupont et al., 2000a) , (Schuster et al., 2002) , (Falcke, 2004) . The results of our analysis suggest that these transmembrane fluxes do play a role, however, in explaining significant features of the experimental results for pituitary gonadotropes (Kaftan et al., 2000) .
Waves of increased free calcium concentration are one important mechanism whereby cells can coordinate their behavior with that of their neighbors, and are seen in a variety of cell types. Often such waves travel from cell to cell in a oscillatory manner, thus forming periodic intercellular calcium waves (Clair et al., 2001) , (Evans and Sanderson, 1999) . The mechanisms underlying such periodic intercellular waves are not well understood in any cell type. Sneyd et al. (1995) hypothesized that the diffusion of IP 3 through gap junctions was responsible for the propagation of intercellular calcium waves. This idea also was used in a model of intercellular calcium waves in hepatocytes (Dupont et al., 2000b) . Alternative models of intercellular calcium waves in hepatocytes were based on the diffusion of cytosolic calcium through gap junctions (Hoefer, 1999) and on the action of calcium as a second messenger in paracrine signal transduction (Gracheva and Gunton, 2003) . Stochastic versions of all these models are given by Gracheva et al. (2001) , Gracheva and Gunton (2003) . In all these models the junctional permeability was chosen to be a constant parameter. However, since calcium ions can close gap junctions (Bennett and Verselis, 1992) , (Saez et al., 1993) , this would appear to pose an obstacle to the propagation of intercellular Ca 2+ waves via gap junctions. Fortunately, this apparent paradox can be resolved by considering the temporal aspects of these responses. It is known that extended exposure to high concentrations of Ca 2+ (> 10µM ) results in the closure of gap junctions (Bennett and Verselis, 1992) , (Saez et al., 1993) . It also appears that physiological concentrations of Ca 2+ can reversibly close gap junctions but this response takes about 40s (Lazrak et al., 1994) . Thus, because
Ca
2+ waves propagate faster than the proposed closure times (Sanderson et al., 1990) , the two possible intercellular messengers (Ca 2+ and IP 3 ) (Saez et al., 1989) , (Niessen et al., 2000) can diffuse to adjacent cells to propagate the wave before Ca 2+ closes the gap junctions. Therefore, it would seem that a more accurate description of the gap junction permeability requires taking into account its dependence on the cytosolic calcium concentration, rather than treating it as a constant as in the earlier models (Dupont et al., 2000b) , (Hoefer, 1999) , (Gracheva et al., 2001) .
In a second part of our paper we extend our model to include gap junction tunnelling between several coupled cells, to study the role of IP 3 and Ca 2+ diffusion in wave propagation and intercellular synchronization. We believe that the most important issue in modelling intercellular calcium signaling is to account for the cellular topology of a tissue. As a rule, flat tissues are modelled in the form of a two-dimensional square grid (Sneyd et al., 1995) , . However, in reality, the structure of even flat tissues is significantly more complicated. Even small areas of tissue can exhibit different topological types of cell connections between each other (Evans and Sanderson, 1999) , (Niessen et al., 2000) . In addition, in the case of local stimulation in which only one cell (not the entire tissue) is stimulated, it is important to know which cell is stimulated (for the same structure of cell connections). Thus in this paper we investigate the relation between the topology of cellular connectivity in flat tissue and the corresponding intercellular calcium signaling.
The outline of the paper is as follows. In section 2 we describe the model for a single cell, which involves several coupled differential equations for the global concentrations of Ca 2+ in the endoplasmic reticulum, mitochondria and cytosol, as well as buffering proteins in the cytosol. IP 3 is the control parameter for the system, and is assumed to be produced by an external stimulus not treated explicitly in the model. In the following section 3 we describe the extension of the model to include gap junction coupling between several nearby cells. In sections 4 and 5 we discuss the results for the single and coupled cells, respectively, comparing our simulation results with several experimental studies. Finally in section 6 we provide a short conclusion, including directions for future work.
2 Description of the model
Schematic description
A schematic description of the model is presented in Fig. 1 . There are three areas shown, the Cyt (cytosol), the ER (endoplasmic reticulum), and the M it (mitochondria), as well as five variables, P r (the concentration of free Ca in cytosol), Ca ER (the concentration of Ca 2+ in endoplasmic reticulum), and Ca m (the concentration of Ca 2+ in mitochondria). Thus the interactions between cytosolic, mitochondria and ER Ca 2+ are included in the model. The influence of cytosolic Ca 2+ -binding proteins on intracellular calcium oscillations in the model is also included. Finally, we include in the model the influence of fluxes through the plasma membrane of the cell, since we believe that these fluxes play an important role in certain types of cells, for example, pituitary gonadotropes (Kaftan et al., 2000) .
In the model of Marhl et al. (2000) control parameter k ch represents the maximal permeability of the Ca 2+ channels in the ER membrane. However, agonist generated IP 3 -mediated Ca 2+ release from ER plays a fundamental role in many cell signaling processes. Therefore we add to the model the effect of IP 3 on the system by changing k ch to a function k ch (IP 3 ), where IP 3 is the concentration of inositol 1,4,5-trisphosphate in the cell. Also the Ca 2+ entry through the plasma membrane into the cell depends on IP 3 (see Table 1 ). The effect of IP 3 on the system is described by trapezoidal impulses of different amplitudes, which corresponds to external stimuli of different concentrations of agonists. Modelling the agonist generated IP 3 concentration by trapezoids is a numerically convenient form, rather than using a square impulse, for example.
One particularly useful aspect of the model is that it is constructed using a modular approach (Fall and Keizer, 2001 ). Thus, individual mechanisms were developed and tested against experimental data. We want to emphasize, therefore, that the modular construction of the model makes it relatively easy to exchange particular mechanisms or to extend the model with features that have not been included as part of this work.
Summary of the model
• We used the Marhl et al. (2000) model as the basis for the mitochondrial and ER functions.
• We incorporated the Hoefer et al. (2002) model for ionic fluxes through the plasma membrane of the cell.
• Due to the ionic fluxes through the plasma membrane of cell the system is open and the conservation law for the total cellular calcium concentration fails. Therefore we formulate the time dependence of CaP r in terms of explicit differential equation.
• We suppose that k ch (cf. Marhl et al. (2000) ) is a smooth monotone increasing function of IP 3 , which we choose as a linear function, as a first approximation. That is, we assume a linear dependence k ch IP 3 + IP 30 , where IP 30 = const. This is not completely realistic, since in the case of IP 3 = 0 there is no essential release of calcium from the ER. In addition, we do not find any significant differences between the results for IP 30 = 0 and IP 30 = 0. Therefore we put for simplicity IP 30 = 0, so that k ch (IP 3 ) = k ch · IP 3 . In order to improve the approximation for k ch (IP 3 ), we would need experimental input that is currently not available.
Model fluxes and differential equations
All the fluxes incorporated into this model are shown in Fig. 1 . The Ca 2+ entry rate expression accounts for a small leak flux that is always present and an agonist-dependent influx, which can be receptor-operated or store-operated Ca 2+ influx, or both (Dupont and Goldbeter, 1993) . For simplicity, the latter is made a function of IP 3 concentration as a measure of the agonist dose (see J in in Table 1 ). Calcium extrusion is modelled by a linear rate law (see J out in Table 1 ).
Two different calcium fluxes for the ER are included in the model: the ATPdependent calcium uptake from the cytosol into the ER (see J serca in Table 1 ) and the Ca 2+ efflux from the ER through channels following the calcium-induced calcium release (CICR) mechanism with an additional Ca 2+ leak flux from the ER into the cytosol (see J rel in Table 1 ).
The exchange of Ca 2+ between the mitochondria and the cytosol is described by the following Ca 2+ fluxes: an active Ca 2+ uptake by mitochondrial uniporters (see J mi in Table 1 ), calcium release through N a + /Ca 2+ exchangers combined with a flux through the mitochondrial permeability transition pores (PTPs) and a very small non-specific leak flux (see J mo in Table 1 ). The complete expressions for these fluxes are given in Table 1 .
The evolution of the system is governed by the following differential equations (for parameter values see Table 2 ):
and following conservation relation for the total concentration of free and bounded Ca 2+ -binding sites on the cytosolic proteins:
Note that we have described the mitochondrial and ER buffers via a buffering constant, β, whereas we have described the cytosolic buffers dynamically. We have chosen the approximation for the mitochondrial and ER buffers for simplicity; we plan to develop a dynamical description of this buffering in a subsequent study.
Model of gap junctions between cells
We now extend our model to include gap junction tunneling between nearby cells. We choose the junctional conductivity to be the following function of the cytosolic calcium concentration difference between adjacent cells i and j:
We also choose the junctional conductivity for IP 3 between adjacent cells i and j to be
where Ca cytMax(ij) is the maximum concentration of cytosolic calcium between cells i and j. For other parameters see Table 2 . In this case the system of equations that describes calcium wave propagation between several (2-3) cells is
where indices i, j and k denote the cell number. The case in which the index pairs (ijk) = (120) = (210) with k Ca(13) = k Ca(23) = 0 and k IP (13) = k IP (23) = 0 corresponds to just two coupled cells. Also the case in which (ijk) = (100), Ca cytMax(ij) = Ca cyt(1) and all junctional coefficients are equal to zero corresponds to only one cell, which is equivalent to equations (1)-(5). It is also worth noting that in the case of index pairs (ijk) = (123) = (213) = (312) there are three possible different configurations of three coupled cells. If k Ca(13) = k IP (13) = 0, we have a one-dimensional chain of cells, with the first cell interacting only with the second cell, the second cell interacting with both the first and third cells and the third cell interacting only with the second cell (see Fig. 2 A) . The same line chain with other order of cells is shown in Fig. 2 B. If none of the junctional coefficients vanish, each cell interacts with two other cells (see Fig. 2 C) . The right side of Fig. 2 shows graphs that correspond to these three configurations.
The system can be easily generated to the case of more than three cells. For example, all configurations in two dimensions of four coupled cells are shown in Fig. 3 . All these are biologically realistic in two dimensions. Examples of real cellular configurations in vitro are shown in Fig. 1 and 2 in (Niessen et al., 2000) and Fig. 9 and 11 in (Evans and Sanderson, 1999) . The system of cells 1, 2, 3, 7 in Fig. 1a in (Niessen et al., 2000) (if the rest cells are removed) corresponds to the topological configuration in Fig. 3 A (cell 3 or 7 should be stimulated) and 3 B (cell 1 or 2 should be stimulated) in our study. The system of cells 1, 2, 5, 7 in Fig. 1a in (Niessen et al., 2000) (if the rest cells are removed) corresponds to the topological configuration in Fig. 3 C (cell 5 should be stimulated), 3 D (cell 2 or 7 should be stimulated) and 3 E (cell 1 should be stimulated) in our study. The system of cells 1, 3, 5, 7 in Fig. 1a in (Niessen et al., 2000) (if the rest cells are removed) corresponds to the topological configuration in Fig. 3 F (cell 1 should be stimulated) and 3 G (cell 3, 5 or 7 should be stimulated) and the system of cells in Fig. 9 in (Evans and Sanderson, 1999) corresponds to the topological configuration in Fig. 3 F (cell B should be stimulated) and 3 G (cell A, C or D should be stimulated) in our study. The systems of cells in Fig. 1c and Fig. 2 in (Niessen et al., 2000) and in Fig. 11 in (Evans and Sanderson, 1999) corresponds to the topological configuration in Fig. 3 I and 3 J in present paper. Finally, we believe that it is possible to extract the configuration shown in Fig. 3 H from a variety of cellular tissues. We consider only two-dimensional configurations of cells in this paper, since calcium signaling in three-dimensional tissues is a separate subject (which we plan to study in the future).
It is also important to note that in order to model Ca 2+ wave propagation the IP 3 stimulus (which mimics the mechanical stimulation or local application of a stimulus) is applied only to the first cell. We model this IP 3 stimulus as a trapezoidal function of time for the first cell. Also, in the modelling of intercellular calcium signaling we add to the model a term describing the degradation of IP 3 (Sneyd et al., 1995) in each of the cells:
Without this term, the calcium levels reach unphysiological values in the asymptotic time limit (Sanderson et al., 1990) . The values of all the parameters are given in Table 2 . In order to analyze the synchronization between cytosolic Ca 2+ in two coupled cells we introduce the similarity function S(τ ), which characterizes the lag synchronization (Rosenblum et al., 1997) :
where τ is the time shift. If the signals Ca cyt(1) and Ca cyt(2) are independent, the time averaged difference between them is of the same order as the signals themselves (respectively S(τ ) ∼ 1 for all τ ). If Ca cyt(1) (t) = Ca cyt(2) (t), as in the case of complete synchronization, S(τ ) reaches its minimum min τ S(τ ) = 0 for τ = 0.
Results for single cell
First of all, we calculate the ratio between the amplitudes of the increase of calcium concentrations in the mitochondria and cytosol, and also study their synchronization. As expected (Rizzuto et al., 2000) , during a brief stimulation of cell by increase in IP 3 (resulting from an external stimulus), there was an increase in Ca cyt , simultaneously with an increase in Ca m ; Ca m exceeded that of Ca cyt by an order of magnitude (see Fig. 4 ). We also find a decrease of the Ca ER level during a prolonged stimulation of cell by IP 3 (see Fig. 5 ). It is very realistic, because Ca 2+ is released from the ER in cytosol and mitochondria during stimulation of cell and is restored in the ER after the end of stimulation. At the same time, Ca m rapidly increases, in phase with the oscillatory increase of Ca cyt and a concomitant decrease of Ca ER ; the Ca m level remains elevated for about four minutes even after the oscillations have ceased and Ca cyt has returned to its basal level (see Fig. 5 ), consistent with previous observations (cf. Fig. 3 in Kaftan et al. (2000) ).
In Kaftan et al. (2000) the protonophore CCCP was added, which should collapse the mitochondrial membrane potential and eliminate the electrical driving force for mitochondrial Ca 2+ uptake. In this case, an application of CCCP during periodic Ca 2+ oscillations dramatically slowed the rate of each downstroke of Ca cyt and reduced the frequency of oscillations. Also, the amplitude and spike width of cytosolic Ca 2+ are much larger during the application of CCCP than before and after the application. In our model, the procedure of application of CCCP is equivalent to setting k mi = 0. Accordingly, we find that while k mi = 0 (peak B, Fig. 6 ) the spike width and amplitude of Ca cyt oscillations are significantly larger that the corresponding behavior for the usual value of k mi = 300µM · s −1 (peaks A and C, Fig. 6 ), which is in good agreement with the experiment Kaftan et al. (2000) . (For better illustration the peaks A, B and C in Fig. 6 were shifted and overlaid so that the maxima of cytosol Ca 2+ concentration occur at the same time).
In the experiment of Kaftan et al. (2000) the frequency of Ca cyt oscillation decreased during the application of protonophore CCCP (cf. Fig. 1 in Kaftan et al. (2000) ); also there was an increase in the basal level of cytosolic calcium. Both of these return to previous levels after the withdrawal of CCCP.
We believe that the reason for both of these changes is that the cell is of finite (non-zero) size, rather than point-like as described in the model. In reality, the mitochondria, ER and plasma membrane are separated spatially and the concentration of calcium and other variables in a cell are spatially dependent, It seems that during the collapse of the mitochondrial membrane potential by CCCP there is an area of elevated calcium concentration near the mitochondria which cannot be reduced quickly, since calcium needs a finite time to reach the calcium pumps in the cell plasma membrane and the ER. This is the reason leading to the observation of an elevated basal level of cytosolic calcium. We cannot describe this effect since we do not take into account spatial effects in our model. The change in calcium oscillation frequency is also a result of these spatial effects. Obviously, the observed calcium oscillations result from the simultaneous operation of different dynamical processes, many of which are oscillatory in nature. During a long enough external stimulation of the cell, all these processes become synchronized (as in synchronization of the frequencies of coupled oscillators Pikovsky et al. (2001) ); as a consequence calcium oscillations of a definite frequency and amplitude are observed. However, if one of these processes is switched off (as during a total suppression of the fast absorption of cytosolic calcium by mitochondrial uniporters) a temporary desynchronization of the system occurs, leading to a change in the frequency and amplitude of the oscillations. Since in reality the mitochondria, ER and plasma membrane are spaced out, the consequences of such a change in the system can be emulated only partially by our "one-point" model, which ignores such spatial variations within the cell. Our model does reproduce very well, however, the increase in the amplitude and the width of the calcium spike during the inhibition of the fast absorption of the calcium by mitochondria.
Results for coupled cells
We begin by discussing the case of two coupled cells. We consider three different mechanisms of signal transduction between adjacent cells: diffusion of only IP 3 , of only Ca 2+ and of both IP 3 and Ca 2+ through gap junctions between cells. In the case of only Ca 2+ diffusion there is no calcium wave propagation between cells (these results are not shown). In the case of only IP 3 diffusion we find that calcium oscillations are generated in the second cell (see Fig. 7 ). Note that the total IP 3 in the cells is shown in Fig. 7 . The total concentration of IP 3 in a cell includes the agonist generated IP 3 signal in trapezoid form, the decay of IP 3 (see J d ) and lowering of IP 3 concentration in a given cell with time due to diffusion into adjacent cells via gap junctions. In Fig. 7 the agonist generated IP 3 signal is applied from 200 s to 400 s in trapezoidal form with amplitude of 30 µM . The increase of IP 3 concentration in stimulated cell after the withdrawal of stimulus at 400 s is due to the feedback between two adjacent cells.
The results of our investigation of possible synchronization between cytosolic Ca 2+ in these two cells are shown in Fig. 8 . Since synchronization between Ca
2+
oscillations in adjacent cells is not established immediately, we investigate the presence of synchronization for three periods of time (from 300s to 1000s, from 500s to 1000s and from 700s to 1000s) which differ by the time duration past from the onset of oscillations in the second cell. In the case of only IP 3 diffusion between cells we find some dependence of the cytosolic calcium concentrations in the two cells on each other. However, the oscillations of calcium in the second cell are not synchronous with the calcium oscillations in the first cell.
Finally, when both Ca 2+ and IP 3 diffuse we find not only calcium oscillations in neighboring cells, but in this case a complete synchronization between calcium oscillations in cells is established during about 400s after the onset of oscillations in the second cell (see Fig. 9 ).
Therefore we conclude that there are two separate mechanisms involved. In the first case, IP 3 diffusion provides the mechanism for calcium wave propagation between cells, as was proposed by (Sneyd et al., 1995) . Diffusion of Ca 2+ , however, is necessary (in addition to IP 3 diffusion), to synchronize the oscillations among the neighboring cells.
For more than two connected cells our results show that the propagation of calcium waves depends on the spatial configuration of cells. There are three possible configurations of interactions between three cells (see Fig. 2 ). If the location of the two neighboring cells is symmetric with respect to the first cell (Fig. 2 B, C) , than one can see similar oscillations in both the second and third cells, following the initial delay of about 80 s from the onset of oscillations in the first cell. In the case of linear chain (Fig. 2 A) there is a difference in the calcium oscillations in the second and third cells. There is not only a delay time between the onset of calcium oscillations in the first and second cells, but also between the second and third cells (both delay times are about 80s). The value of this delay time differs from that found in (Sneyd et al., 1995) , (Sanderson et al., 1990) , which is due to the different choice of parameter values in the two studies.
Also, we briefly describe the results for the case of four connected cells. The results for all configurations of four cells are summarized in Table 3 . We note that we study only in-plane (two-dimensional) cell configurations. It is possible to distinguish five different configurations of four cells on a plane. However, for the same topological configuration of cells, Ca 2+ signaling greatly depends on which cell in the structure was stimulated. Taking into account this issue we identify ten cell configurations. Similarly to the case of three cells, the dynamics of Ca 2+ in cells symmetrically positioned with respect to the simulated cell is identical, for example, see configurations A, B, C, E, F, G, H and I in Fig.  3 . This holds while all cells in configurations are indistinguishable. Also, this assumption allows to study the intercellular Ca 2+ signaling only on topology of the cell to cell connections in a given cell configuration. The investigation of the dynamics of cell-cell Ca 2+ signaling in configurations comprised of cells with different properties is a more complicated problem, and thus, is a subject of our future research.
We now describe the key features of signaling in four cell configurations in more detail. For example, in the case of configuration H the first cell has two connections with adjacent cells (there are four connections between cells altogether) and we find very good calcium wave propagation between cells. Also, the dynamics of Ca 2+ in cells 2 and 3, which are positioned symmetrically with respect to the stimulated cell 1, is the same (see Table 3 ). The delay time between the onset of Ca 2+ oscillations in the stimulated cell and the beginning of oscillations in all other cells in configuration depends on the order number of neighbor of a given cell. In the case of a direct connection with the first simulated cell (first order neighbors) the delay time varies from 56 s to 91 s (see Table 3 ). For example, in configuration I cell 2 is the first order neighbor of cell 1. For the second order neighbor there is one additional cell between the stimulated cell and a given cell. For example, in configuration I cell 3 is the second order neighbor for cell 1. For the second order neighbors the time delay for onset Ca 2+ oscillation varies from 133 s to 271 s which is significantly larger then in the case of the first order neighbors. Besides, for the second order neighbors there is a difference in dynamics depending on the presence or absence of connections with other second order neighbors (compare cell 3 and cell 4 in configurations C and G). For in-plane configurations of four cells there is only one neighbor of third order which is present in configuration I. For the given parameters there are no oscillations in cell 4 of configuration I, as indicated in Table 3 .
Thus, each cell configuration can be characterized by a definite set of neighbors of each order, moreover the propagation of intercellular Ca 2+ wave for each configuration depends on this set. According to the set of neighbors all cell configurations can be divided into four classes:
• one neighbor of first order, one neighbor of second order, one neighbor of third order (configuration I);
• one neighbor of first order, two neighbors of second order (configurations C, G);
• two neighbors of first order, one neighbor of second order (configurations A, D, H, J);
• three neighbors of first order (configurations B, E, F).
The fast decline of intercellular Ca 2+ wave is characteristic of the first two classes, whereas a steady expansion of intercellular Ca 2+ waves is characteristic of the last two classes (see Table 3 ).
For example, in the case of configuration C the first cell has only one connection with another cell (there are four connections between all cells, as in H) and this results in a decreased range of the calcium wave propagation from the first cell. There is an even stronger decrease of the range of wave propagation in the case of configuration I, which is a linear chain of four cells.
Results for configuration J (the most unsymmetrical of the configurations) are shown in Fig. 10 , as example. The first three oscillations in Ca cyt in the cell 1 are induced by external agonist generated IP 3 (from 200s to 400 s), the next five oscillations result from the increase of IP 3 due to the feed back between cells (from 400s to 1000s). In configuration J cells 2 and 3 are located symmetrically with respect to cell 1 (see Fig. 3 J) ; however, some part of the IP 3 that originates in cell 3 from cell 1 escapes to cell 4. This is the reason why in cell 3 the calcium oscillations occur after those in cell 2.
Thus, the results of our analysis for this model suggest that the topology of connections between cells plays an important role in calcium wave propagation in flat cell tissues.
Conclusion
In this study, we demonstrate the importance of the mitochondria in both intracellular and intercellular calcium oscillations. Our model produces results that are in good agreement with experimental studies, as noted in Section 4. Our model shows the main features of intracellular calcium signaling, including the fact that during cytosolic calcium oscillations the concentration of calcium in the ER decreases while the concentration of mitochondrial calcium increases. Also, in our model the mitochondrion accumulates calcium rapidly and in phase with the oscillatory elevations of cytosolic calcium. Furthermore, the mitochondrial calcium concentration remains elevated for many minutes after the withdrawal of IP 3 stimulation and after calcium oscillations in cytosol vanish, as seen experimentally (Kaftan et al., 2000) . It is also worth noting that the collapse of the mitochondrial calcium uptake in our model significantly increases the spike width, amplitude and frequency of cytosolic calcium oscillations as compared with its behavior for the normal case (Kaftan et al., 2000) .
We also studied different possible mechanisms of intercellular calcium signaling. In epithelial cell cultures, for example, a mechanically stimulated intercellular calcium wave appears to propagate via the intercellular diffusion of the IP 3 (Sneyd et al., 1995) . In hepatocytes, oscillatory intercellular Ca 2+ waves appear to be generated by the coupling of intracellular Ca 2+ oscillations (Dupont et al., 2000b) , (Hoefer, 1999) . A plausible hypothesis is that these waves are the result of intercellular coupling by means of the diffusion of Ca 2+ through gap junctions (Hoefer, 1999) . Since both calcium and IP 3 can act as intercellular messengers (Evans and Sanderson, 1999) , we considered all three possibilities: diffusion of only Ca 2+ , only IP 3 and both Ca 2+ and IP 3 through gap junctions. In the case in which Ca 2+ is the only messenger, there is no formation of intercellular calcium wave at all. In the case in which IP 3 is the only messenger, there is a propagation of calcium wave, but the oscillations of cytosolic calcium in cells adjacent to the stimulated cell are not in synchrony with the oscillations in the perturbed cell. Finally, when both calcium and IP 3 diffuse there is calcium wave propagation with completely synchronous oscillations in each cell from about 400 s after the onset of oscillations in the perturbed cell. Therefore we conclude that within the context of our model, diffusion of calcium through gap junctions is responsible for the synchronization of calcium oscillations in adjacent cells. However, it is not the reason for calcium wave propagation in cell networks.
Correspondingly, the diffusion of IP 3 is the mechanism for intercellular calcium wave propagation.
We also studied the dependence of intercellular signaling on the topological configurations of cell connectivity, and found results that can be understood intuitively. The order number of neighbors also has an influence on the amplitude of the propagating wave, as discussed in Section 5.
While modelling the intercellular calcium signaling it is necessary to recognize that the transition from one cell to tissue is not a simple quantitative conversion. It is not a transition from one cell to a chain of cells or some grid of cells, but it is a more complex transition defined by the topology of tissue. We have shown that the dynamics of tissue in small areas (and also in larger regions -I.V. Dokukina, A.A. Tsukanov, M.E. Gracheva, E.A. Grachev, unpublished results) is defined not by a chain or grid of cells, but by the topology of the connection graph of cells with each other. It is possible to judge the tissue topology from the dynamics of signaling; in turn, the tissue topology can change the intercellular signaling dynamics, enforcing its own rhythm. Thus, the intercellular dynamics of calcium and the corresponding topology of cell connections form an unbroken, complete system.
Finally, in our study of the role of network connectivity between cells we considered only the case in which all cells have the same parameters. It would be interesting to study situations in which there is a variation in cellular sensitivity to agonist (Evans and Sanderson, 1999) and in gap junction conductivities. These are subjects of future research. Fig. 1 . Schematic representation of the model. Fig. 2 . Different structures of connections between three cells. Grey color of cell 1 means that this cell is stimulated. The right side shows graphs that correspond to each configuration. Fig. 3 . Different structures of connections between four cells. Grey color of cell 1 means that this cell is stimulated. The right side shows graphs that correspond to each cell configuration. Fig. 4 . IP 3 -dependent decrease of Ca 2+ concentration in ER (Ca ER ) and increase of cytosolic (Ca cyt ) and mitochondrial (Ca m ) Ca 2+ concentrations. For all parameters see Table 2 . Fig. 5 . Mitochondria rapidly accumulate Ca 2+ during Ca cyt oscillations. For all parameters see Table 2 . Fig. 6 . Calcium oscillations due to collapse of the mitochondrial membrane potential. Peak A: typical calcium spike for the normal mitochondrial membrane potential before its collapse (k mi = 300µM ·s −1 from 0s to 50s). Peak B: typical calcium spike during collapse of the mitochondrial membrane potential. The amplitude and spike width are increased (k mi = 0 from 50s to 100s). Peak C: typical calcium spike for the normal mitochondrial membrane potential after collapse. The amplitude and spike width of the Ca cyt oscillations are decreased in comparison with the period of collapse (k mi = 300µM · s −1 from 100s to 150s). Top panel : Ca cyt oscillations with marked peaks A, B and C. IP 3 is constant, with IP 3 = 50µM ; values of the other parameters are given in Table  2 . Bottom panel : the peaks A, B and C were shifted and overlaid so that the maxima of cytosol Ca 2+ concentration occur at the same time. An increase of the amplitude and the spike width of peak B in comparison with peaks A and C can be seen. Fig. 7 . Intercellular calcium signaling between two cells based on diffusion of only IP 3 through gap junctions. For all parameters see Table 2 . Fig. 8 . Similarity function for calcium oscillations between two coupled cells based on diffusion of only IP 3 through gap junctions. There is no synchronization between Ca 2+ oscillations in two coupled cells. For all parameters see Table 2 . Fig. 9 . Similarity function for calcium oscillations between two coupled cells based on diffusion of both IP 3 and Ca 2+ through gap junctions. There is synchronization between cytosolic Ca 2+ oscillations in two coupled cells. For all parameters see Table 2 . Fig. 10 . Intercellular calcium signaling between four cells of configuration J (Fig. 3 J) based on diffusion of both IP 3 and Ca 2+ through gap junctions. For all parameters see Table 2 . 
Figure Captions
The Ca 2+ entry through plasma membrane J out k out Ca cyt The Ca 2+ extrusion through plasma membrane Fluxes through membrane of endoplasmic reticulum
The Ca 2+ release from ER (Marhl et al., 2000) J serca k serca Ca cyt The ATPase-mediated Ca 2+ flux into the ER lumen (Marhl et al., 2000) Fluxes through membrane of mitochondria
The Ca 2+ release from mitochondria (Marhl et al., 2000) J mi k mi (Marhl et al., 2000) Interaction of Ca 2+ with cytosolic calcium binding proteins
On rate constant of Ca 2+ binding to proteins (Marhl et al., 2000) k − 0.01s
Off rate constant of Ca 2+ binding to proteins (Marhl et al., 2000) P r tot 120µM Total concentration of free and bounded Ca 2+ -binding sites on the cytosolic proteins (Marhl et al., 2000) Gap junctions between cells k G 0.4µM Half saturation for all second messengers in gap junctions cf. (Lazrak et al., 1994) Rate constant of IP 3 degradation cf. (Sneyd et al., 1995) 
